Plant genome editing is achieved by the expression of sequence-specific nucleases (SSNs). RNA virus vector-mediated expression of SSNs is a promising approach for transgene integration-free targeted mutagenesis in plants. However, the removal of virus vectors from infected plants is challenging because no antiviral drugs are available against plant viruses. Here, we developed a removable RNA virus vector that carries the target site of tobacco microRNA398 (miR398) whose expression is induced during shoot regeneration. In the inoculated leaves in which expression of miR398 is not induced, insertion of the miR398 target site did not affect the practicability of the virus vector. When shoots were regenerated from the infected leaves, miR398 was expressed and viral RNA was eliminated. The virus vector successfully expressed SSNs in inoculated leaves, from which virus-free genome-edited plants were regenerated via tissue culture.
INTRODUCTION
The editing of plant genomes to confer desirable traits to crops has the potential to increase the world's agricultural production. Plant genome editing is achieved by expression of sequence-specific nucleases (SSNs), often by generating transgenic plants. The transgene encoding SSNs can be removed from genome-edited transgenic plants by crossing to non-transgenic plants; however, this method is not universal because a certain range of crops or flowers are reproduced by vegetative propagation. Alternative methods aimed at allowing efficient modification of plant genomes or bypassing regulations on genetically modified crops have been developed (Altpeter et al., 2016) . Transient expression by virus vectors is advantageous in that no foreign DNA is inserted into the host genome; this approach has been used for integration-free plant genome editing (Marton et al., 2010; Baltes et al., 2014) . Virusmediated genome editing is especially suitable for plants that are propagated vegetatively, since crossing to segregate out the transgene encoding the SSN is not required. Instead, virus vectors must be removed once genome-edited plants are produced. However, this remains challenging because no antiviral drugs that can eliminate plant viruses from infected plants are available.
RESULTS AND DISCUSSION
Here, we report a plant virus expression vector that can be removed when necessary. The basis for a removable virus vector is the insertion of a target site of an inducible host endogenous microRNA (miRNA) into the viral genome. The miRNA should be expressed at a very low level in normally growing leaves so as not to interfere with the multiplication and gene expression of the virus vector, and induced under certain conditions. We focused on miR398, a conserved miRNA in the plant kingdom, whose expression is induced by several stresses including sucrose treatment (Dugas and Bartel, 2008; Zhu et al., 2011) . Stress-responsive genes including superoxide dismutases were identified as targets of miR398 in Arabidopsis thaliana (Bonnet et al., 2004; Jones-Rhoades and Bartel, 2004; Beauclair et al., 2010) . Ectopic overexpression of miR398 in tobacco (Nicotiana tabacum L.) affects seed germination and seedling growth (Feng et al., 2010) , suggesting that expression of miR398 is strictly regulated in tobacco plants. As expected, expression of miR398 was faintly detectable in tobacco leaves but strongly induced in leafderived callus cultured on sucrose-containing medium ( Figure 1a ). We inserted a complementary sequence of tobacco miR398 into a tomato mosaic virus (ToMV) vector expressing yellow fluorescent protein (YFP), and named the vector TLY-398 ( Figure 1b) . As a control, a non-target sequence (Liu et al., 2014) was inserted separately into the vector to generate TLY-spacer (Figure 1b) . These virus vector RNAs do not form virions in infected cells because they lack the coat protein gene, which is an advantage when it comes to removing the viral genome. Spread of YFP fluorescence in TLY-398-inoculated tobacco leaves was similar to or somewhat slower than that in TLY-spacer-inoculated leaves (Figure 1c ), which may be affected by fluctuation of the expression of miR398 depending on the growth conditions of the plants. Explants were prepared from YFP-positive regions of inoculated leaves and placed onto shoot regeneration medium. RNA was extracted from the first leaves of regenerated shoots and viral RNA accumulation was examined by RT-PCR. The detection limit of the RT-PCR was less than 10 À21 molecules of viral RNA from 100 ng total RNA ( Figure S1 in the Supporting Information), indicating that approximately 600 viral RNA molecules are detectable when present. Considering that a plant cell contains of the order of picograms of RNA (Nakazono et al., 2003) , the RT-PCR assay could detect as little as one viral RNA molecule per tens to hundreds of cells. Note that tobacco mosaic virus, a close relative of ToMV, accumulates about 10 7 molecules of viral RNA per infected tobacco cell (Nixon, 1956) . Among the 25 shoots tested, viral RNA was detected in all shoots from TLY-spacerinfected explants, while accumulation of viral RNA was not detected in seven shoots (28%) or was greatly reduced in six shoots (24%) from TLY-398-infected explants (Figure 1d ). These results indicate that viral RNA containing the miR398 target site can be eliminated simply by regenerating shoots from infected leaf tissues.
To exemplify the use of the removable virus vector in plant genome editing, we replaced the YFP gene of TLY-398 with the meganuclease I-SceI gene (Figure 2a ). To easily detect the genome editing events, we prepared transgenic tobacco harboring a luciferase gene in which a 19-bp, A plus the 18-bp I-SceI recognition sequence, was inserted to cause a frame-shift mutation that changed the reading frame of luciferase; however, after induction of a DNA double-strand break by I-SceI followed by non-homologous end joining, the gene can revert to translate luciferase. When an I-SceI-expressing ToMV vector was inoculated onto the transgenic tobacco, luciferase activity was detected in inoculated leaves (Figure 2b ). Explants were prepared from luciferase-positive regions of inoculated leaves and placed onto shoot regeneration medium. About 90% (77/85) of the regenerated shoots were luciferase-positive, although they showed high mosaicism (Figures 2c and S2) . We selected 12 shoots to be grown for further analysis, and in the leaves of five of them (42%), viral RNA was not detected by RT-PCR (Figure 2d ). Thus, we could obtain virus-free genome-edited plants without sexual reproduction or meristem culture. We confirmed that the insertion/deletion mutations were in fact introduced around the I-SceI recognition site and that the mutations were inherited (Figures 2e and S3 , Appendix S1).
The delivery of nucleases has been a major bottleneck in plant genome editing. Virus-mediated genome editing would have an advantage over conventional transgenic methods since it is integration-free. The removable system could be applicable to virus vectors expressing other SSNs such as guide RNA of the CRISPR/Cas9 system (Ali et al., 2015a,b) and split fragments of the Cas9 protein (Kaya et al., 2017) , and thus could expand the possibility of using of virus vectors for plant genome editing. In addition, application of the removable virus vector would not be limited to genome editing; for example, it may be applicable for epigenome editing by virus-induced gene silencing.
EXPERIMENTAL PROCEDURES

Plasmid construction
The YFP coding sequence from pTLPYFP (Miyashita et al., 2015) was amplified by PCR and cloned into the ToMV expression vector pTL-MCS (Kaya et al., 2017) between the AgeI and SacI sites to yield pTLYT. pTLY-398 and pTLY-spacer have 21-bp insertions, 5 0 -CAGGGGCGACCTGAGAACACA-3 0 and 5 0 -ATCGGTATCCAGCTCC-CACAA-3 0 , respectively, between the termination codon of YFP and the SacI site. The gene for yeast I-SceI protein fused to a nuclear localization signal and a FLAG tag was codon-optimized for expression in N. tabacum and replaced the YFP gene of pTLY-398. The nucleotide sequence data for the modified I-SceI gene have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence database under accession number LC209182.
The reporter construct for detection of genome-editing was created as follows: a 19-bp sequence 5 0 -ATAGGGATAACAGGGTAAT-3 0 (the I-SceI recognition site is underlined) was inserted immediately after the initiation codon of the Emerald Luc gene under control of the cauliflower mosaic virus 35S promoter (Saika et al., 2012) , after which the P35S::L-I-SceI-UC::Tnos gene cassette was transferred to the binary vector pZK2 (Kuroda et al., 2010) . The resultant reporter construct was transformed into N. tabacum cv. Samsun.
Virus inoculation
ToMV vector plasmids were linearized with MluI and used as a template for in vitro transcription using an AmpliCap-Max T7 High Yield Message Maker Kit (CELLSCRIPT, http://www.cellscript.com/). ATGATAGGGA---------TAATGAGAGAGAGAA #77:
ATGATAGGGA------GGGTAATGAGAGAGAGAA The transcription mixture was diluted fivefold with water and mechanically inoculated onto the leaves.
Regeneration of tobacco shoots from infected leaves
Luciferase activity or YFP fluorescence of the tobacco leaves inoculated with I-SceI-expressing or YFP-expressing ToMV vector was detected using an LAS3000 imaging system (Fujifilm, http://www.f ujifilm.com/) at 14 days post-inoculation. Leaves were sterilized in fivefold-diluted Kitchen Hiter (sodium hypochlorite) (Kao, http:// www.kao.com/), after which the luciferase-positive or YFP-positive regions were excised and placed onto shoot regeneration medium [Murashige-Skoog medium supplemented with 0.1 mg L À1 1-naphthaleneacetic acid, 1 mg L À1 6-benzylaminopurine, 200 mg L À1 cefotaxime (Chugai, https://www.chugai-pharm.c o.jp/english/), and 0.8% agar]. RNA was extracted from the first leaves of regenerated shoots using the ISOSPIN Plant RNA kit (Nippon Gene, http://www.nippongene.com/english/index.html).
Detection of miRNA
Total RNA (20 lg) extracted from leaves or callus cells of N. tabacum by TRIZOL reagent (Invitrogen, http://www.invitrogen.c om/) was analyzed by Northern blotting, as described previously (Yoshikawa et al., 2016) . Oligonucleotides 5 0 -CAGGGGCGACCT-GAGAACACA-3 0 or 5 0 -GGGGAATGAAGCCTGGTCCGA-3 0 were 32 Plabeled at their 5 0 terminus with T4 polynucleotide kinase (TaKaRa, http://www.takara-bio.com/) and used as probes for the detection of miR398 or miR166, respectively (Frazier et al., 2010) .
Detection of viral RNA
ToMV RNA was detected from 100 ng of total RNA by RT-PCR for 40 cycles using the PrimeScript One Step RT-PCR Kit version 2 (Dye Plus; TaKaRa) with primers 5 0 -TCAACAGAGTAACTGGT-3 0 and 5 0 -GCAGCTACAGACTTAGA-3 0 . In vitro transcribed ToMV RNA and total RNA from uninfected tobacco leaves were used as templates for positive and negative controls, respectively.
ACCESSION NUMBER
The nucleotide sequence data for the modified I-SceI gene have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence database under accession number LC209182. respectively. This work was supported by the Cabinet Office, Government of Japan, Cross-ministerial Strategic Innovation Promotion Program (SIP) to KI, ME and ST. The authors declare that a patent has been filed by National Agriculture and Food Research Organization.
SUPPORTING INFORMATION
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